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copulation while she in
moulting and is unable to
attack. However, if a male
encounters a mature female,
he may court her and if the
female accepts, the male
inserts the first palp. He then
has to withdraw, re-court and
insert the second palp. But in
this situation the female can
attack at any time.
The researchers therefore
looked at the fate of males
under both mating strategies in
natural populations, in caged
studies in the field and in
laboratory experiments. They
found that all males that
managed two insertions with
moulting females, in spite of
their lack of defences, died
while still in copulatory
position. During staged
matings with mature females,
all males vigorously tried to
escape from the female by
jumping off her body after a
very short insertion of the first
palp. However, all males
became motionless and
assumed the typically dead
posture after insertion of the
second palp. The dead male
was eventually pulled out by
the female. In spite of the
different outcome, males
underwent the same level of
attack from females both at
the first and second insertion,
the researchers observed.
They also removed some
males immediately after they
had inserted the second palp,
before the female could attack,
but these all rapidly died too.
The authors consider what
evolutionary advantage this
strategy may confer. They
note that, in natural
populations, about 60 per
cent of females are mated
while moulting. Males fight for
access to moulting females,
but death during copulation
with a palp inserted makes
them much harder to remove
from the female and they
therefore may act as whole-
body mating plugs, making it
more difficult for other males
to gain access to the female
during her moult.
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Like many other tissues, the
appendages and body wall of adult
Drosophila are patterned during a
period of intense cell proliferation.
The ectoderm in the head and
thorax of adult Drosophila is
formed from epithelial
invaginations, termed imaginal
discs, that are set aside during
embryonic development. During
the three larval instars each disc
grows from tens to tens of
thousands of cells. Proliferation is
not spatially restricted, and the cell
lineages that form specific tissues
within the epithelia of the
appendages are largely random.
Many tissue-specific decisions and
cell lineages are not fixed until just
prior to overt differentiation of the
respective tissues. Thus, most
ectodermal cells remain pluripotent
until quite late in development, and
cell-cell interactions play a critical
role in the final choice between
alternative fates.
The ‘compartmental’ lineage
restrictions are, however, striking
exceptions to this rule. As first
defined by Garcia-Bellido and his
co-workers, compartments are
domains between which cells
cannot mix. The progeny of single
cells in imaginal discs, commonly
marked using mitotic
recombination, normally form
coherent ‘clones’ (Figure 1). While
cell migration and intermixing with
neighboring cells is limited, clone
boundaries are normally irregular
and non-stereotyped. At
compartmental boundaries,
however, clones end at fixed
anatomical positions and do not
intermingle with cells of the other
compartment.
In a sense, the lineage
compartments of Drosophila
epithelia are an extreme form of a
very common theme in developing
Figure 1. An example of using mitotic recombination and the Minute mutation to identify
lineage compartments in the developing wing imaginal disc. Mitotic recombination
between a GFP-tagged (green) Minute mutant (ubi-GFP M(1)osp) and a wild-type chro-
mosome arm is induced with γ-rays early in larval development to create non GFP-
expressing wild-type cells growing in a Minute/+ wing disc (green cells in photograph).
The wild-type cells have a growth advantage over their slow-dividing Minute/+ neighbors.
The right panels show the prospective wing blade portion of the wing imaginal disc at late
third instar, just prior to metamorphosis. An anterior wild-type cell has divided to produce
an unlabeled clone following a portion of the A/P compartment boundary, as defined by
the strong expression of the selector gene engrailed (red). A posterior and dorsal cell have
divided to produce a clone following part of the D/V compartment boundary.
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tissues: the spatial segregation of
different cell types. However, there
are several features that make
Drosophila compartments
particularly striking.
First, they are relatively rare.
Only two types of compartmental
boundaries have been confirmed in
flies. During embryogenesis, most
imaginal discs are subdivided into
anterior and posterior
compartments. This ‘A/P’
restriction apparently corresponds
to the parasegmental compartment
boundary that subdivides every
segment of the embryo. About
halfway through larval
development, the wing and haltere
discs are further subdivided by a
second, dorso-ventral (D/V) lineage
restriction. While some studies
suggest the existence of D/V
restrictions also in the anterior
compartment of the leg and in the
compound eye, as well as further
subdivisions of the wing disc, this
has been questioned by others.
A second feature of Drosophila
compartments is that they are
established quite early in
development, long before overt
morphological differentiation, and
that they remain stable into
adulthood. Within the limits of the
genetic mosaic techniques used to
observe them, no obvious cases in
which clones cross the
compartment boundaries have
been observed during normal
development. This is even true if
marked cells are genetically given
a growth advantage over their
neighbors by using the dominant,
slow-growing Minute mutations
(Figure 1).
Third, compartmental lineage
restrictions occur between
neighboring cells in a continuous
epithelial sheet. There is no
morphological feature that
separates adjacent compartments
in the growing imaginal disc, quite
unlike the folding or wholesale
separation of tissue observed at
the segmental boundaries in
invertebrate and vertebrates. Even
the more compartment-like lineage
restrictions found in vertebrates,
such as between rhombomeres in
the hindbrain, or between anterior
and posterior halves of somites,
are accompanied by a
morphologically visible separation.
The D/V lineage restriction in the
vertebrate limb bud is more
reminiscent of the Drosophila
compartments.
Finally, compartmental identities
in Drosophila are maintained by the
spatially restricted expression of a
very small number of transcription
factors. The difference between
anterior and posterior
compartments is driven by the
posterior expression of Engrailed
and Invected (En-Inv) (Figure 1),
whereas the difference between
dorsal and ventral compartments in
the wing and haltere is driven by
the dorsal expression of Apterous
(Ap). These ‘selector’ transcription
factors are necessary and
sufficient for all known aspects of
compartmental identity. It is the
stable inheritance of the state of
selector gene expression, either on
or off, that is thought to account for
the stability of compartments.
The discovery of compartments
in Drosophila raised two obvious
questions. First, how are the
lineage compartments established
and maintained; that is, what
prevents the mixing of cells across
compartment boundaries? Second,
what is their developmental
function? Work during the last
decade has gone a long way
towards answering the second
question. The first question
remains open.
Why have compartments?
Compartments in Drosophila
separate cells that express
different genes and form different
tissue patterns. However, there are
many other regional subdivisions in
the disc that are not
compartmental. What makes
compartments special?
Adjacent compartments have
different abilities to send and
receive short-range signals. In
general, the signal produced by
one compartment can only be
received by the adjacent
compartment. As these signals
have a short range, they induce the
formation of specific cell types at
compartment boundaries.
The formation of boundary cells
may be the main reason for having
compartments. What makes the
boundary cells so critical is that
they secrete short and long-range
morphogens that organize
developmental patterning in most
— but not all — parts of the disc.
Cells get a rough idea of their
distance from the compartment
boundary by detecting the levels of
morphogen. Thus, the stability of
compartmental lineage restrictions
provides a simple, elegant system
that guarantees the proper
placement of these boundary
signals.
The simplest example of such a
system is the Hedgehog (Hh)
signaling from the posterior to the
anterior compartment, which
specifies boundary cells on the
anterior side of the A/P boundary
(Figure 2A). The posteriorly
expressed selector genes En and
Inv activate the expression of the
signaling molecule Hh and block
the expression of the Gli-like
transcription factor Cubitus
Interruptus (Ci), which is required
for transducing the Hh signal. Cells
in the anterior compartment lack
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Figure 2. Signaling between compart-
ments specifies boundary cells. 
(A) Hh signaling from the posterior to the
anterior compartment, inducing either the
expression of Dpp or Wg in anterior
boundary cells. (B) Notch signaling
between dorsal and ventral compart-
ments, inducing the expression of Wg in
cells on both sides of the D/V boundary.
See text for details.
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En and Inv expression and hence
express Ci, allowing them to
respond to Hh secreted by the
posterior cells. The boundary cells
produce several signaling
molecules, the most critical of
which are the BMP-4 homolog
Decapentaplegic (Dpp) and the
Wnt family member Wingless (Wg).
Dpp is expressed in the wing,
haltere, portions of the genital disc,
as well as the dorsal leg and
antenna, whereas Wg is expressed
in portions of the genital disc and
the ventral leg and antenna.
In contrast, the situation at the
D/V boundary in the wing and
haltere is more complex, as the
signaling between dorsal and
ventral compartments is reciprocal
and specifies cells on both sides of
the boundary (Figure 2B). Both
dorsal to ventral and ventral to
dorsal signaling is mediated by the
receptor Notch, which is expressed
throughout the imaginal discs. In
the wing and haltere, the selector
gene Ap is expressed dorsally and
stimulates dorsal expression of the
Notch ligand Serrate (Ser).
Concomitantly, Ap weakly
represses expression of the Notch
ligand Delta (Dl) and induces dorsal
expression of the Fringe
glycosyltransferase. Fringe
modifies the glycosylation of Notch
in dorsal cells, rendering it
insensitive to Ser but more
sensitive to Dl. Therefore, dorsal
Ser signals preferentially to the
ventral cells that lack Fringe, and
ventral Dl signals preferentially to
the dorsal, Fringe-expressing cells,
resulting in Notch activation in a
narrow domain encompassing the
D/V boundary. Subsequently,
Notch activates the expression of
Wg on both sides of the
compartmental boundary. Wg acts
as a short-range morphogen,
patterning the cells near the D/V
boundary, but its role in long-range
signaling is less well understood.
The relative simplicity of these
patterning systems has made
imaginal discs ideal tools for
analyzing the various signaling
pathways involved. This has been
especially true during the
investigation of novel molecules
that modulate the ability of cells to
send or receive particular signals.
Genetic mosaic techniques can be
used to generate either loss or gain
of function in specific groups of
cells, by formation of genetically
altered clones or by driving
compartment-specific expression
of selected genes. Hence, the
alterations can be limited to cells
sending or cells receiving the
signals. It is also possible to get
some idea of how direct the effect
is by looking at the ‘cell-autonomy’
of the manipulation: i.e. is the effect
limited to the altered cells or do the
altered cells influence or are they
influenced by their wild-type
neighbors?
How are compartments
established and maintained?
While the function of the
compartments in Drosophila is now
largely understood, very little is
known about the cellular
mechanisms that account for the
lineage restriction. The simplest
model is that the compartment-
specific expression of the selector
transcription factors drives
compartment-specific expression
of cell-adhesion or recognition
molecules, thus confering
preferential affinity for cells in their
own compartment (Figure 3C). This
model is based on the finding that
cells lacking compartment-specific
selector gene expression cross into
the opposite compartment (Figure
3A,B).
However, the situation is more
complex, as the formation of
boundary cells is also required for
the maintenance of the lineage
restrictions. For instance,
genetically altered anterior cells
that can no longer respond to Hh
signaling move into posterior
territory, even though they do not
express the posterior-specific
selector genes En and Inv (Figure
3A). Similarly, cells lacking Notch
signaling can cross the D/V lineage
restriction, again without changing
their state of selector gene
expression (Figure 3B).
These results could indicate a
critical difference in affinity
between boundary and non-
boundary cells. This model is
especially attractive for the A/P
restriction (Figure 3D), as boundary
cells are only formed on the
anterior, Hh-responsive side of the
boundary. When En and Inv are
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Figure 3. Controlling the compartmental lineage restrictions. (A,B) Schematic representation of mutant clones that disrupt the lineage
boundaries. The mutant clone is generated by mitotic recombination (see Figure 1) and is usually identified by the absence of a marker
on the wild-type chromosome. The compartmental origin of the clone is usually confirmed by identifying the doubly labeled wild-type
homozygotic sister clone (or ‘twin-spot’; +). (A) A posterior clone lacking en-inv crosses into the anterior compartment. An anterior clone
unable to respond to Hh (due to loss of smoothened; smo) crosses into the posterior compartment. (B) A dorsal clone lacking ap crosses
into the ventral compartment. A dorsal clone lacking Notch (N) crosses or straddles the D/V boundary; ventral clones do the same thing.
(C–E) Cell affinity models of lineage restrictions. (C) Selector expression (En-Inv) drives the expression of specific adhesion or recogni-
tion molecules (P) throughout the compartment. (D) Hh signaling drives the expression of adhesion or specific recognition molecules (B)
in cells anterior to the A/P compartment boundary. (E) Dorsal Ap expression acts in combination with Notch activity to create two dif-
ferent states of cell affinity, one in dorsal cells and one in ventral cells adjacent to the D/V boundary.
Dorsal Ventral
+
+
ap
_
N
_
D
D
D
V
V
VEn-Inv
En-
Inv
Hh
Posterior
Anterior
en-inv
+ smo
+
_
_
P P P
PPP
B B B
Apterous
A B C D E
Notch act.
Current Biology
removed from posterior cells, the
ability of these cells to respond to
Hh is no longer blocked and, thus,
many of them take on a boundary-
like state. That these cells assort
with anterior boundary cells would
not be surprising (Figure 3A).
However, other findings suggest
that there is still a residual
difference in affinity between
anterior and posterior cells, even in
the absence of Hh signaling.
The idea of a boundary-specific
cell affinity is less helpful in the
case of the D/V boundary, as
Notch-responsive boundary cells
are formed on both sides of the
lineage restriction. While dorsal
Fringe expression alters the
sensitivity of Notch to its two
ligands, there is nothing to
suggest that the subsequent
activation of Notch is qualitatively
different in dorsal or ventral cells.
Moreover, the boundary cells do
not appear to act as a barrier or a
‘fence’, as they straddle the
lineage boundary. Therefore, the
state of Ap expression may
change the response of cells to
Notch signaling (Figure 3E). To
put it another way, Ap expression
may drive a dorsal-ventral
difference in cell affinity, but cells
may need some level of Notch
signaling to express this
difference. As Notch signaling is
higher near the D/V boundary, the
affinity difference may be limited
to this region.
Of course, the situation could
be even more complex, with
simultaneous compartment-
specific and boundary-specific
affinity systems. Here we are hurt
by the paucity of any molecular
data. So far, only one molecule
has been identified that is thought
to play some role in
compartment-specific cell affinity.
Capricious is a transmembrane
protein previously identified for its
role in nerve-muscle recognition.
Early in development, Capricious
is expressed in dorsal cells
although later its expression
straddles the D/V boundary. While
loss of Ap usually results in
disruption of the D/V lineage
restriction, simultaneous
expression of Capricious in dorsal
cells can reverse this effect
without restoring Notch signaling
and formation of boundary cells.
That said, loss of Capricious does
not disrupt the D/V boundary,
even if Tartan, the only similar
protein in Drosophila, is
simultaneously lost. Clearly, more
molecular candidates need to be
identified before this puzzle can
be solved.
Regulating the selectors
Stable, compartment-specific
expression of the selector
transcription factors is of central
importance for compartments, as it
regulates both compartmental
identity and signaling between
compartments. In most cases each
imaginal disc primordium straddles
the embryonic parasegment
boundary and the state of En-Inv
expression is inherited from the
parasegmental expression of En-
Inv in the embryonic epidermis.
The A/P subdivision is thus largely
regulated by the embryonic
segmentation cascade.
The dorsal-specific expression of
Ap, however, does not appear until
the wing disc contains several
hundred cells. Recent work
suggests that Ap expression is
stimulated by Epidermal Growth
Factor (EGF) signaling, perhaps via
the neuregulin-like signaling
protein Vein, which is expressed in
a small cluster of cells near the
dorsal end of the wing disc. Once
Ap expression is established,
however, it becomes insensitive to
this signal.
And yet, even at later stages of
development, selector gene
expression can be altered, and the
lineage restriction can be changed.
For instance, during the
regeneration of disc tissue that has
been surgically or genetically
removed, the compartmental
lineage restrictions are lost and
then reformed. This is puzzling, as
it means that the stable inheritance
of the embryonic state of selector
expression is not the only way of
establishing compartmental
domains within the disc. Does this
also mean that a regenerating
imaginal disc can recapitulate the
patterning that occurs within the
much smaller embryonic segment?
Perhaps, although it is unclear how
the gap and pair-rule genes of the
segmentation cascade could work
in the quite different cellular
context of an imaginal disc.
However, the existence of
compartmental cell affinities
provides a possible alternative
explanation. During regeneration
cells might randomly lose or gain
selector gene expression, and thus
compartment-specific and
boundary-specific cell affinities. As
long as this occurred within a small
enough region, cells that had
regained similar affinities might be
able to sort together, reforming the
two compartments. After cell
proliferation the result would look
like spatially patterned gene
expression, but in fact would result
from random gene expression and
regulated cell affinities. Or to put it
another way, the same
mechanisms that maintain the
spatial coherence of compartments
during normal development might
just be capable of reforming
compartments under duress.
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